Abstract The isothermal oxidation behavior of three alumina forming austenitic (AFA) stainless steels with varying composition was studied at 650 and 800°C in dry air and gases which contained water vapor. The AFA alloys exhibited better oxidation resistance than a ''good chromia former'' at 650°C, particularly in H 2 Ocontaining atmospheres by virtue of alumina-scale formation. Although the AFA alloys were more resistant than chromia formers, their oxidation resistance was degraded at 650°C in the presence of water vapor. In dry air the AFA alloys formed, thin continuous alumina scales, whereas in Ar-4%H 2 -3%H 2 O the areas of continuous alumina were reduced and Fe oxide-rich nodules and regions of Cr, Mnrich oxides formed. In some regions internal oxidation of the aluminum occurred in the H 2 O-containing gas. The alloy OC8 had slightly better resistance than OC4 or OC5 in this atmosphere. The alumina-forming capability of the AFA alloys decreases with increasing temperature and, at 800°C, they are borderline alumina formers, even in dry air. The oxidation resistance of all three alloys was degraded at 800°C in atmospheres, which contained water vapor (Air-10%H 2 O, Ar-3%H 2 O and Ar-4%H 2 -3%H 2 O). The areas, which formed continuous alumina, were reduced in these atmospheres and areas of internal oxidation occurred. However, as a result of the borderline alumina-forming capability of the AFA alloys it was not possible to determine which of the H 2 O-containing atmospheres was more severe or to rank the alloys in terms of their performance. The experimental results indicate that the initial microstructure of the AFA alloys also plays a role in their oxidation performance. Less protective oxides formed at 800°C when alloy OC8 was equilibrated before exposure rather than being exposed in the as-processed condition.
Introduction
Austenitic stainless steels have an FCC crystal structure which allows them to have good high-temperature creep resistance, which can be improved significantly with dispersions of MC carbides (M can be Nb, Ti, or V) [1] [2] [3] [4] [5] [6] [7] . They also have lower cost when compared with Ni-based superalloys. However, many alloy grades still lack sufficient high temperature oxidation and corrosion resistance, especially in the highly aggressive gas atmospheres containing water vapor and sulfur-and carboncontaining gases typically found in energy applications [8, 9] . Resistance to watercontaining atmospheres is extremely crucial, because Cr 2 O 3 scales typically formed on austenitic stainless steels are compromised by the formation of volatile oxyhydroxide species resulting in material loss and accelerated oxidation rates [10] [11] [12] . Alumina scales have growth rates which are significantly lower than chromia scales and are generally less susceptible to water vapor effects. Alumina is thermodynamically more stable and generally offers the potential for greater protection in many aggressive environments. The main problem with creating an aluminaforming austenitic (AFA) stainless steel is that aluminum is highly bcc stabilizing in iron [1] [2] [3] [4] [5] [6] [7] . These alloys also require significant quantities of chromium to help promote the formation of an alumina scale. Chromium reduces the critical level of aluminum in the alloy needed to form a protective Al 2 O 3 scale by what is known as the ''third element effect'' [13] . Chromium is also a ferrite stabilizer. The Cr concentrations which would typically be needed to promote an Al 2 O 3 scale stabilize the weaker bcc ferrite phase, decreasing the creep strength of the material. Large additions of Cr can also lead to the formation of brittle sigma phase [14] . The composition must be optimized to make the alloy an alumina former, while avoiding bcc and sigma phases. This requires the minimum amount of Al and Cr possible. As a result, AFA alloys are usually ''marginal alumina formers''. Large additions of Ni can stabilize the austenite phase, but this typically turns the alloy into a Ni-based alloy, which results in significantly higher cost [1, 2] .
Oak Ridge National Laboratory (ORNL) has developed a class of AFA alloys for use in highly aggressive atmospheres [1] [2] [3] [4] [5] [6] [7] . The baseline alloys were a family of austenitic stainless steels called the high-temperature ultrafine-precipitationstrengthened steel (HTUPS) [15] , which have typical compositions of (wt%) Fe14Cr-16Ni-2.5Mo-2Mn with additions of B, C, Nb, P, Ti, and V in order to balance mechanical properties and oxidation resistance as well as form nanoscale precipitates (such as Fe 2 Nb Laves phase, B2-NiAl, c 0 -Ni 3 Al, M 23 C 6 and MC) for strength at high temperatures. HTUPS alloys have been shown to have among the highest creep strength of any austenitic stainless steel; however their oxidation and corrosion resistance is relatively poor as they were initially designed for nuclear power related applications not requiring exceptional oxidation resistance. Small additions (2.4 and 3.8 wt%) of Al and increased Ni (20 wt% to stabilize the austenite phase) were added to the standard HTUPS alloy in order to promote the formation of a protective Al 2 O 3 scale. With higher Al contents, the Ni content needs to be increased in order to maintain single phase austenite. Niobium additions were found to be a key to oxidation resistance. Niobium additions increase the amounts of B2-NiAl precipitates which tend to act as reservoirs to provide Al to the oxidation front. Nb also increases the amount of Cr in the austenite matrix phase, which induces the third element effect. Increasing the nickel and niobium levels may reduce the oxygen solubility favoring external protective Al 2 O 3 formation. The Al and Nb contents need to be as high as possible for increased oxidation resistance, however large quantities can reduce creep properties due to the formation of brittle phases. Adjusting the Al, Cr, Ni, Nb, Ti, and V levels in these alloys allows for the formation of a single phase austenitic matrix with increased creep resistance and the growth of a slowly-growing Al 2 O 3 scale [1, 2, 5] .
The effects of water vapor on the oxidation of a variety of AFA alloys were studied by Brady et al. [5, 16] . They found that the oxidation behavior of most of the selected AFA alloys varies greatly depending on the oxidation temperature and levels of Al, Cr, Ni, and Nb additions, with all ORNL AFA compositions exhibiting a transition to internal oxidation of Al with increasing temperature. In air with 10 % H 2 O a transition to internal oxidation and nitridation of Al was observed in the range of *700-950°C depending on alloy composition. Alumina scale formation at higher temperatures was associated with higher Ni, Nb, Al, and Cr contents, as well as the addition of reactive elements such as Hf and Y, both of which increase alloy cost.
Available data show that AFA alloys are very promising due to their attractive combination of creep strength and oxidation resistance. However, their oxidation resistance can be compromised in water vapor containing atmospheres compared to dry air, depending on oxidation temperature. Therefore, understanding and optimizing the composition of these alloys to confront this problem is important. In this study, the oxidation behavior of three AFA alloys with varying compositions was evaluated in air as well as various H 2 O containing atmospheres. The objective was to gain a better understanding of the oxidation mechanisms in water vapor containing atmospheres and to study the effects of temperature, p O 2 and alloy composition on their oxidation behavior. These results should also allow optimization of the composition of the alloys for use in water vapor containing atmospheres, such as balance of plant (BOP) materials in solid oxide fuel cell (SOFC) systems and heat exchanger components in combustion atmospheres.
Experimental
Three AFA alloys were used for this study. The analyzed compositions are shown in Table 1 . The standard AFA grade alloy OC4 has the desired combination of moderate oxidation and creep strength [17] . The OC8 alloy has increased chromium, nickel, and niobium concentration, and is a gamma prime strengthened alloy rather than MC strengthened. This alloy has very promising strength and Oxid Met (2015) 84:541-565 543 oxidation resistance, however, at longer times thermodynamic studies suggest that brittle sigma phase will form below 800°C [18] . OC5 differs from OC4 mainly in terms of Al and Nb content, which results in better creep strength but moderately reduced oxidation resistance relative to OC4 [18] . It has relatively lower levels of Al and Nb as can be seen from Table 1 . The alloys were cast and hot rolled, followed by a *1200°C solution heat treatment [18] . The as-processed microstructures are representative of the predicted phases at 1200°C. An example of the as-processed OC8 microstructure is shown in Fig. 1a . It is primarily austenite and contains Laves phase and NbC, which are expected above 1100°C, as can be seen in the predicted phases in Fig. 1b [18] . The alloys were cut into rectangular coupon specimens approximately 14-16 mm 9 8-13 mm 9 2-4 mm. All of the specimens were polished to a 1200 grit SiC finish and ultrasonically cleaned in isopropanol and dried prior to oxidation testing. For reproducibility and a better assessment of the oxidation data a number of duplicate specimens were exposed under the same oxidation conditions.
The alloys were subjected to various atmospheres in a horizontal tube furnace at two different temperatures: 650 and 800°C. The atmospheres selected were Air, Air-10%H 2 O, Ar-4%H 2 -3%H 2 O and Ar-3%H 2 O. The equilibrium oxygen partial pressures for the selected atmospheres are given in Table 2 . The saturated water vapor contents were achieved by bubbling the carrier gas through a water bath system. In order to obtain 3 and 10 % H 2 O, the temperature of the water bath was kept at 24 and 46°C respectively. Nonetheless, to equilibrate the water content of the gas and be sure that the amount of water vapor was the desired one, the carrier gas was first bubbled through an additional water bath kept at higher temperature, e.g. 50°C in the case of the 10 % H 2 O exposures. The gas flow rate was kept at 15 ml/min, which corresponds to a linear velocity of approximately 0.01 cm/s. The OC4 alloy was also subjected to Ar-30%H 2 O-3%O 2 at 650°C to be compared with Fe22Cr, which had previously been shown to degrade rapidly under these conditions [19] . The alloys were exposed in the as-solution treated condition to evaluate the effect of atmosphere on the austenite matrix. Selected experiments were also performed on OC8 specimens in which a more-complicated low-temperature microstructure had been developed by long-term creep exposures. Fig. 1 As-processed OC8 microstructure (a) and predicted phases (b) [18] Oxid Met (2015) 84:541-565 545
The surface and cross sectional examination of the exposed specimens was performed using optical microscopy (OM) and scanning electron microscopy (SEM) equipped with an energy dispersive X-ray (EDX) detector. The accelerating voltage used was 20 kV. Metallographic cross-sections of the oxidized specimens were obtained by mounting in an epoxy resin and subsequently using conventional techniques, i.e. grinding and fine polishing. After exposure some of the specimens were PVD coated with a thin palladium layer and electrochemically coated with a nickel layer using a Watt's bath. These coatings were performed in order to support the oxide scale during further specimen preparation and to improve the contrast between the scale and the mounting material during analysis. Photo-stimulated luminescence spectroscopy (PSLS) measurements were done on selected specimens using a micro-Raman mapping spectrometer (Renishaw InVia) connected to a Leica microscope equipped with a 633 nm line-focus laser.
Results
The oxide scale, which developed on OC4 in dry air at 650°C was semitransparent and consisted of a very thin layer of alumina with Nb rich oxides forming along the grain boundaries. Figure 2a , b present corresponding surface and cross sectional micrographs, respectively. The Nb-rich oxides result from the oxidation of the primary coarse NbC shown in Fig. 1 . It should be noted that the polymorph of 6.83 9 10 alumina, which formed at this temperature, was not determined because the scales were extremely thin. PSLS analyses carried out on the surface of the OC4 and OC8 specimens after exposure in dry air at 800°C for 100 h indicated the presence of both a-and halumina (Fig. 3) . The PSLS spectra were obtained by mapping the specimen surface over a 1 mm 2 area and one representative spectrum was selected per specimen. The PSLS spectrum is the result of the luminescence of the Cr 3? ions incorporated in solution in the alumina during oxidation. Details of the PSLS technique can be found in [20] . a-and h-Al 2 O 3 spectra consist of two major bands, with wellcharacterized frequencies, the R1-R2 (14,402 and 14,432 cm -1 ) and T1-T2 (14,575 and 14,645 cm -1 ) doublets, respectively [21, 22] . Nonetheless, there are some differences in the spectra intensity and the h-Al 2 O 3 signal is approximately 10 times weaker than the a-Al 2 O 3 [20] .
When exposed in Ar-30%H 2 O-3%O 2 at 650°C, Cr and Mn rich oxides as well as Fe rich oxide nodules were observed in addition to alumina and Nb rich oxides ( Fig. 4a, b) . Fe rich oxide nodules were usually observed in the vicinity of Nb rich oxides along grain boundaries as can be seen from Fig. 4a . Even though AFA alloys did not always form continuous alumina scales, they were substantially more resistant to water vapor than chromia-formers. Figure 5 shows the drastic difference between the chromia-forming alloy, Fe-22Cr (Fig. 5a ), and OC4 ( Fig. 5b ) after exposure in Ar-30%H 2 O-3%O 2 for 96 h. Fe-22Cr, which formed a thin continuous chromia scale in dry air, failed to do so in this atmosphere and developed thick Fe rich oxides. In the case of OC4 the oxide scale was much thinner than the oxide scale, which developed on Fe-22Cr under the same exposure conditions. The oxidation behavior of the Fe-22Cr alloy was described in Ref. [19] . The alloy maintained a protective chromia film in Ar-30%H 2 O, whereas in Ar-30%H 2 O-3%O 2 it initially developed a chromia scale which subsequently broke down to form 14100 14200 14300 14400 14500 14600 14700 14800
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Fig. 3 PSLS spectra for the thermally grown oxide on the surface of OC4 and OC8 alloys after 100 h of exposure in air at 800°C the H 2 O. The accelerated Cr consumption could not be supported by interdiffusion from the alloy and allowed iron oxides to develop. The alumina scales on OC4 were not subject to these phenomena. To better understand the effect of water vapor on alloy performance, the three AFA alloys were subjected to Air, Air-10%H 2 O, Ar-4%H 2 -3%H 2 O and Ar-3%H 2 O exposures at two temperatures: 650 and 800°C.
Exposures at 650°C
At 650°C, all the alloys developed a very thin continuous alumina scale with Nb rich oxides forming along the grain boundaries in dry air. Figures 2, 6 and 7 present the surface and cross sectional micrographs of OC4, OC5 and OC8 alloys, respectively, after air exposure. The coarse Nb rich phases, which intersect the surface, were usually oxidized preferentially. Figures 2b and 6b present examples of the preferential oxidation of these phases.
In Ar-4%H 2 -3%H 2 O, all the alloys failed to form a continuous pure alumina scale except over certain localized regions. An external scale of Cr and Mn rich oxides with internal oxides of aluminum developed for the OC4 and OC5 alloys, whereas internal oxides were not as pronounced for the OC8 alloy and the external scale consisted of Cr rich oxides. Figure 8a , b and c presents cross sectional micrographs of OC4, OC5 and OC8 alloys, respectively, after 250 h of exposure in Ar-4%H 2 -3%H 2 O. Figure 9 is a higher magnification micrograph from the OC4 alloy to serve as an example to show how alumina develops continuity along certain localized regions over the surface whereas external mixed oxide scales with internal oxides of aluminum form elsewhere. In this atmosphere, the preferential oxidation of the Nb rich phases was not observed (Figs. 8a, b) contrary to the specimens exposed in air (Figs. 2b and 6b ). This seems to be the effect of the significantly lower P O2 of this atmosphere, as 3.31 9 10 -20 atm of oxygen is required to form Nb 2 O 5 at this temperature, and only 2.91 9 10 -21 atm is available in this atmosphere at this temperature. Exposures at 800°C
At 800°C, the effects of alloy composition and atmosphere were more substantial.
Exposures in Air
A protective alumina scale as well as Nb rich oxides grew on OC4 in dry air after 100 and 250 h (Fig. 10 shows surface and cross sectional micrographs after both exposure times). In the case of OC5, which has less Al and Nb, a continuous alumina scale did not develop at 800°C, even in the dry air exposure. Localized regions with transient Mn, Cr and Al rich oxides developed as can be seen from Fig. 11 . Both OC4 and OC5 are ''marginal alumina-formers'' at this temperature. The slightly higher Al and Nb contents of OC4 allowed a protective alumina scale to form whereas nonprotective oxides formed on OC5.
The scale that formed on OC8 during air exposure was not continuous alumina unlike the scale that developed on the OC4 alloy. After 100 h of exposure in air, the OC8 alloy developed a thin alumina layer together with some oxide nodules, which according to EDX measurements were Nb-rich (Fig. 12a, b) . After 250 h exposure preferential oxidation was evident along the polishing marks (Fig. 12c, d ). The darker oxides were thicker and Al and Cr rich, whereas thinner oxides were alumina. Comparison of the cross sectional micrographs of OC4 (Fig. 10d ) and OC8 alloys (Fig. 12d) after air exposure for 250 h shows the relatively thicker oxide scale developed on the OC8 alloy, which seems to be a result of higher Cr content of the OC8 alloy and a change in alloy microstructure as it proceeds from the asprocessed state (Fig. 1a) to the equilibrium state indicated in Fig. 1b . Figure 13 shows the 100 h weight changes for OC4 and OC8 in the as-processed state are comparable. However, the weight change is about three times higher for a specimen of OC8, which was cut from a creep specimen, which had been exposed for 7000 h at 650°C and had a microstructure very similar to the equilibrium microstructure for 800°C. Figure 14 shows the microstructure of this specimen after the creep exposure. Significant amounts of sigma phase, NbC, and NiAl were detected. The as-processed microstructure (Fig. 1) is representative of the predicted phases at 1100-1200°C, the temperature at which the alloy was processed. Laves phase and NbC are evident. Figure 15a shows the surface of the equilibrated specimen after 100 h oxidation. It has a significantly higher number of thick oxide nodules compared to the surface of as-processed OC8 (Fig. 12a) . thicker than that for the as-processed alloy (Fig. 12b) and locally some large oxide nodules, which according to EDX measurements were Nb-rich formed as is evident in Fig. 15c . Apparently, the equilibrated microstructure, which has a significant 
Exposures in Air-10%H 2 O
Even though OC4 was more oxidation resistant than OC5 in dry air, it was not the case in Air-10%H 2 O. Figure 16 presents the 100 h weight gains in Air-10% H 2 O for OC5 and duplicate experiments of OC4, which differ by about 50 % indicating that there is some specimen-to-specimen variability. Thin scales formed on OC4 (Fig. 17a) and OC5 (Fig. 18a) in this atmosphere. The scales on both alloys became less protective after 250 h (Fig. 17c and 18c) . After 250 h of exposure the surface of the OC4 was completely covered with mixed oxides and some internal oxides formed (Figs. 17b, c are surface and cross sectional micrographs, respectively). In this atmosphere, after 100 exposure hours the OC5 alloy developed a thin alumina layer, which was locally disrupted by some oxide nodules (Fig. 18a) Exposures in Ar-3%H 2 O Figure 19 presents the 100 h weight gains in Ar-3% H 2 O for OC5 and duplicate experiments of OC4. The relative oxidation rates of OC4 in this atmosphere were similar to those in air. The weight gain for OC5 was larger than that for OC4. Thin Weight changes for OC5 and duplicate specimens of OC4 exposed for 100 h at 800°C in Ar-3%H 2 O scales formed on OC4 after 100 and 250 h exposure (Fig. 20) . A thicker oxide scale formed on OC5 (Fig. 21) . The morphology of the scale is similar to the one observed after oxidation of OC5 in air (Fig. 11) .
Exposures in Ar-4%H 2 -3%H 2 O
Weight gains for the three alloys after 100 h are presented in Fig. 22 . A thin alumina layer formed on alloy OC4 and OC5 after exposure in Ar-4%H 2 -3%H 2 O for 100 h (Fig. 23 and Fig. 24a respectively) . OC8 also formed a protective alumina layer after 100 h (Fig. 25a ) but in this case the alumina scale was disrupted by Nbrich oxide nodules which formed at those points where the Nb-rich particles present in the bulk of the alloy intersect the alloy surface (Fig. 25b) . The presence of this Nb-rich oxide nodules accounts for the higher weight gain measured for OC8. After 250 h an external scale of Cr and Mn rich oxides with internal oxides of aluminum formed in OC4 (Surface and cross sectional micrographs are shown in Fig. 26 ). The entire surface was covered with oxides mainly rich in Cr and Mn. Figure 26b is a lower magnification micrograph from the OC4 alloy exposed in Ar-4%H 2 -3%H 2 O showing the possible role of alloy grain boundaries in the development of the oxides. The grain boundaries are preferentially decorated with B2 and Laves phases. In some regions, such as those shown in Fig. 26c there are some primary (undissolved) NbC which will be oxidized and then undercut by alumina. Moreover, it also serves as an example of how a continuous alumina scale develops with continued exposure between the internal oxidation zone and the external mixed oxide scale, thus preventing further internal oxidation. Figure 26c is a high magnification micrograph from the same alloy showing how the preferential oxidation of the Nb rich phases occurs for this temperature and atmosphere. As mentioned previously, this preferential oxidation was not observed in Ar-4%H 2 -3%H 2 O at 650°C. The inability of OC4 to form a protective scale in Ar-4%H 2 -3%H 2 O might be explained by hydrogen promoting internal oxidation of aluminum by increasing the solubility and/or diffusivity of oxygen in the alloy as proposed by Essuman et al. [23] . If the alloy was not a borderline alumina former, the effect might not have been this significant. Somewhat surprisingly OC5 maintained a relatively protective scale for 250 h (Fig. 24c) . The surface of the OC5 alloy was covered by a Al-rich oxide with some Cr and Mn and some Cr Mn rich nodules could also be observed (Fig. 25b) . The overall scale growth appeared to be slower in Ar-4%H 2 -3%H 2 O for OC5 compared to OC4 (Figs. 24 and 26) . These results show that once the OC4 alloy loses its ability to develop a continuous alumina scale as observed after exposure in H 2 and H 2 O containing atmospheres, its oxidation behavior becomes even poorer than OC5. One possible explanation might be the relatively higher Nb content in the OC4 alloy. Although Nb is known to help develop a continuous alumina scale by causing
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Al rich oxide Cr enrichment in the austenitic matrix phase and increasing the volume fraction of NiAl precipitates, it was also observed to reduce the Al and Ni content in the austenitic matrix phase [5] . This might also have adverse effects in the absence of a continuous alumina scale on the surface. This subject needs further investigation.
After 250 h alloy OC8 alloy had better oxidation resistance than OC4 and OC5 alloys in Ar-4%H 2 -3%H 2 O. It developed an Al-rich scale (Fig. 25a, c) . The continuous external mixed oxide scales were not present for this alloy. The lack of Mn for the OC8 alloy appears to be partly responsible for this behavior, since Mn was observed to diffuse very quickly to the surface and form thick transient oxides on the OC4 and OC5 alloys undercut by alumina. Nonetheless at those parts where Nb-rich particles present in the bulk of the alloy intersect the alloy surface Nb-rich oxide nodules formed as can be appreciated in Fig. 25c . Similar oxide morphology was observed when OC8 was exposed in dry air (Fig. 12b) .
This study is another example showing how the ranking of oxidation performance of the alloys might change with exposure conditions. However, it should also be emphasized that the exposures used in this study were rather short and the performance ranking of the alloys may not be representative of their performance during long-term exposure. During long-term exposure, the alloys will slowly reach their equilibrium microstructure, and the changes in microstructure may have an effect on the oxidation behavior. Niewolak et al. [24] have recently presented results for the oxidation of ferritic chromia-forming alloys for which the oxidation rates in Ar-H 2 -H 2 O were faster than in air for short oxidation times but were slower than in air after long oxidation times. This will be studied in subsequent work.
Discussion
Comparison of OC4 and Fe-22Cr
Comparison of Figs. 4 and 5 indicate a great difference in corrosion resistance between OC4 and Fe-22Cr. The oxidation behavior of Fe-22Cr is described in Ref. [19] . The alloy initially developed a chromia scale in this atmosphere but it broke down after a short time and rapidly growing Fe-oxides developed. The criterion to avoid breakaway is that, once a continuous external chromia scale is formed, diffusion of Cr in the alloy must be rapid enough to supply the solute at least at the rate it is being consumed by scale growth [25] . This criterion may be expressed as:
where N Cr is the critical mole fraction of Cr, k p is the parabolic rate constant for growth of the external scale, measured in terms of scale thickness, D is the alloy interdiffusion coefficient and V m is the molar volume of the alloy. There is no evidence that water vapor affects the alloy interdiffusion coefficient. Therefore, the main effects must be those on the ''effective scale growth rate''. The growth rate of chromia scales in water vapor-containing, low p O 2 environments is higher than in air or oxygen.
However, the accelerated chromia growth alone was not sufficient to result in breakaway oxidation in Ar ? 30 %H 2 O. An additional effect of the excess O 2 was to accelerate chromia evaporation by the reaction in Eq. 2. in which the oxyhydroxide has a significant volatility and, therefore, accelerates the Cr consumption as the chromia layer of reduced thickness grows more rapidly and triggers breakaway oxidation. Rapid growth of the Cr 2 O 3 together with a vaporization component appears to be the cause of breakaway oxidation of Fe-22Cr, under the combined effects of water vapor and excess oxygen. Alloy OC4 formed primarily alumina, which has low volatility and there is not a significant influence of water vapor on the growth rate. Therefore, OC4 was much more resistant than Fe22Cr. Exposures at 650°C
The scales formed in all atmospheres were extremely thin. Therefore no weight change data are presented. The alumina polymorph was not determined but, based on Fig. 3 for 800°C, the scales are presumed to contain minimal amounts of a and consist mainly of transition aluminas h or, perhaps, c as the transition aluminas are known to persist to longer times at lower temperatures. In Ar-4%H 2 -3%H 2 O, all the alloys failed to form a continuous pure alumina scale except over certain localized regions. An external scale of Cr and Mn rich oxides with internal oxides of aluminum developed for the OC4 and OC5 alloys, whereas internal oxides were not as pronounced for the OC8 alloy and the external scale consisted of Cr rich oxides.
Comparison of Fig. 4b , which presents a cross-section of OC4 in Ar-30%H 2 O-3%O 2 , and Fig. 8a , which presents a cross-section in Ar-4%H 2 -3%H 2 O, indicates the scale microstructures are very similar even though the oxygen partial pressures are very different in the two gases. This suggests the presence of water vapor is the major factor in disrupting the selective oxidation behavior relative to that in dry air (Fig. 2) .
Exposures at 800°C
The AFA alloys also formed relatively continuous alumina scales at 800°C in dry air. Alloys OC4 and OC8 formed nearly continuous alumina films after 100 h. Alloy OC4 maintained a thin, protective scale after 250 h exposure whereas OC8 started to form less protective oxides. The change in behavior for OC8 is believed to result from a change in alloy microstructure as it proceeds from the as-processed state (Fig. 1a) to the equilibrium state indicated in Fig. 1b . Even though the 100 h weight changes for OC4 and OC8 in the as-processed state were comparable the weight change was about three times higher for a specimen of OC8, which was cut from a creep specimen that had been exposed for 7000 h at 650°C and had a microstructure very similar to the equilibrium microstructure for 800°C. Significant amounts of sigma phase, NbC, and NiAl were present in the equilibrated microstructure (Fig. 14) . Laves phase and NbC are evident in the as processed microstructure (Fig. 1) which is representative of the predicted phases at 1100-1200°C, i.e. the temperature at which the alloy was processed. The surface of the equilibrated specimen after 100 h oxidation has a significantly higher number of thick oxide nodules compared to the surface of as-processed OC8 alloy (Fig. 15a) . The continuous scale is slightly thicker than that for the as-processed alloy (Fig. 15b) and a large Nb-rich oxide nodule was observed (Fig. 15c) . Apparently, the equilibrated microstructure, which has a significant amount of Cr localized in the sigma phase, is not able to develop a protective alumina scale as efficiently as the as-processed microstructure, which has all of the Cr in solid solution.
After exposure in air the alloy OC5 developed numerous regions where the alumina was incomplete (Fig. 11 ). Localized regions with transient Mn, Cr and Al rich oxides were observed. Both OC4 and OC5 are ''marginal alumina-formers'' at this temperature but OC5, which has less Al and Nb, could not develop a continuous alumina scale. The slightly higher Al and Nb contents of OC4 allowed a protective scale to form.
The alloys were less effective in forming continuous alumina scales in H 2 Ocontaining atmospheres at 800°C and the relative oxidation resistance was affected more dramatically than at 650°C.
When exposed in Air-10% H 2 O thin scales formed on OC4 (Fig. 17a ) and OC5 alloy (Fig. 18a) . The scales on both alloys became less protective after 250 h. This type of less protective scale was observed for OC5 in dry air but not for OC4. Thus, the presence of the water vapor is disrupting the selective oxidation process for this alloy. This may reflect an effect of water vapor on the formation of the alumina polymorph which forms. Figure 3 indicates the presence of both a-alumina and the faster-growing h-alumina when the alloys were exposed in dry air. If water vapor slows the transformation of h to a the overall scaling rate will be increased. The effect of water vapor on the h-to a-alumina transformation is currently under investigation.
The effect of water vapor on disrupting the selective oxidation of OC5 not observed when OC5 and OC4 were exposed in Ar-3%H 2 O. Similar results compared to the exposure in dry air were observed for both alloys in this atmosphere. The oxygen partial pressure of the atmosphere as well as the amount of water vapor might play a role in the transformation of h to a alumina as well as in the growth of non-protective oxides.
As happens at 650°C, some differences were observed between the exposures in air and in Ar-4%H 2 -3%H 2 O. Alloy OC4 maintained a continuous external alumina scale in air and Ar-3%H 2 O after 250 h whereas an external scale of Cr and Mn rich oxides with internal oxides of aluminum developed in Ar-4%H 2 -3%H 2 O, despite the significantly lower oxygen partial pressure in the latter atmosphere. As mentioned before, the inability of OC4 to form a protective scale in Ar-4%H 2 -3%H 2 O might be explained by hydrogen promoting internal oxidation of aluminum by increasing the solubility and/or diffusivity of oxygen in the alloy as proposed by Essuman et al. [23] . If the alloy was not a borderline alumina former, the effect might not have been this significant. Figure 19 presents the 100 h weight gains in Ar-3% H 2 O for OC5 and duplicate experiments of OC4, which were in good agreement and similar to the results in dry air. The weight gain for OC5 was slightly larger than that for OC4. Thin scales formed on OC4 even after 250 h exposure (Fig. 20) in this atmosphere.
Conclusions
The AFA alloys exhibited better oxidation resistance than a ''good chromia former'' at 650°C, particularly in H 2 O-containing atmospheres by virtue of alumina-scale formation. The alumina polymorph was not determined but, based on higher temperature results, is presumed to be primarily h-alumina. Although the AFA alloys were more resistant than chromia formers, their oxidation resistance was degraded at 650°C in the presence of water vapor. In dry air the AFA alloys formed, thin continuous alumina scales with the only defects being Nb-rich nodules formed by oxidation of Nb-rich phases, which intersected the alloy surface. In Ar-4%H 2 -3%H 2 O the areas of continuous alumina were reduced and Fe oxide-rich nodules and regions of Cr, Mn-rich oxides formed. In some regions internal oxidation of the aluminum occurred in the H 2 O-containing gas. The alloy OC8 had slightly better resistance than OC4 or OC5 in this atmosphere.
The alumina-forming capability of the AFA alloys decreases with increasing temperature and, at 800°C, they are borderline alumina formers, even in dry air. The alloy OC8 tended to develop more non-protective oxides with increasing exposure time. This was particularly the case when the microstructure had been equilibrated to the near-equilibrium state as opposed to consisting primarily of austenite. The oxidation resistance of all three alloys was degraded at 800°C in atmospheres, which contained water vapor (Air-10%H 2 O, Ar-3%H 2 O and Ar-4%H 2 -3%H 2 O). The areas, which formed continuous alumina, were reduced in these atmospheres and areas of internal oxidation occurred. However, as a result of the borderline alumina-forming capability of the AFA alloys it was not possible to determine which of the H 2 O-containing atmospheres was more severe or to rank the alloys in terms of their performance.
